Emerging and re-emerging vector-borne diseases such as chikungunya and dengue and associated Aedes vectors are expanding their historical ranges; thus, there is a need for the development of novel insecticides for use in vector control programs. The mosquito toxicity of a novel insecticide and repellent consisting of mediumchain carbon fatty acids (C8910) was examined. Determination of LC 50 and LC 90 was made against colonyreared Aedes aegypti (L.) and Aedes albopictus (Skuse) using probit analysis on mortality data generated by Centers for Disease Control and Prevention bottle bioassays. Six different concentrations of C8910 þ silicone oil yielded an LC 50 of 160.3 mg a.i/bottle (147.6-182.7) and LC 90 of 282.8 (233.2-394.2) in Ae. aegypti; five concentrations yielded an LC 50 of in Ae. albopictus. Further development of C8910 and similar compounds could provide vector control specialists novel insecticides for controlling insect disease vectors.
Emerging and re-emerging infectious diseases such as dengue, chikungunya (CHIKV), and Zika virus are expanding their ranges and becoming increasingly more common around the world due to urbanization, international travel, and expanding mosquito vector distributions (Dick et al. 2012 , Higgs 2014 , European Centre for Disease Prevention and Control 2015 . There is no specific treatment for these diseases, and no vaccination or chemoprophylactic countermeasures currently available; thus, personal protective countermeasures or insecticide interventions are required to reduce exposures to bites from infected mosquitoes. The World Health Organization and Centers for Disease Control and Prevention (CDC) confirmed in late 2013 cases of chikungunya virus in the Western Hemisphere where it has not circulated in almost 200 yr (Halstead 2015) . Cases of dengue are increasing worldwide, and there have been several recent outbreaks in the United States (Adalja et al. 2012) . Outbreaks of Zika virus, another arbovirus transmitted by Aedes species, have also been recently reported outside of Africa, with 16 cases recently reported in Brazil (European Centre for Disease Prevention and Control 2015) . Aedes aegypti (L.) and Aedes albopictus (Skuse) are known to be competent vectors of both CHIKV and dengue and have been implicated in the transmission of Zika virus.
C8910, a mixture of medium-chain octanoic (CH 3 (CH 2 ) 6 COOH), nonanoic (CH 3 (CH 2 ) 7 COOH), and decanoic (CH 3 (CH 2 ) 8 COOH) acids in equal parts, has shown promise as both an insecticide (for both larval and adult mosquitoes) and a repellent (at higher doses) when formulated appropriately with carriers such as silicone oil or kaolin clay (Reifenrath 2001) . Octanoic and decanoic acids are derived from palm kernel oil or coconut oil, and nonanoic acid is derived from tallow; all of these products are inexpensive commodity chemicals. These fatty acids have been approved by the U.S. FDA as food additives in the United States since 1965 and are categorized as "Generally Recognized as Safe" (Reifenrath 2001) . The combination of these acids has shown to have selective repellent or toxic effect against house flies, biting flies, ticks, ants, and mosquitoes (Reifenrath 2006 , Mullens et al. 2009 ), whereas spiders, bumble bees, honey bees, and wasps are relatively insensitive (Reifenrath 2001) .
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To date, no formal studies have been conducted to determine effective concentrations and insecticidal effects of C8910 against Aedes species. Preliminary research demonstrated that a 1% formulation of C8910, applied via a mist blower sprayer against Ae. aegypti confined in knockdown cages, resulted in 97% mortality (D.B., unpublished data). Biting deterrence of Ae. aegypti using saturated and unsaturated acids was conducted by Ali et al. (2010) . Results of this study indicated that medium-chain fatty acids (C10 through 13) showed repellent and persistence attributes similar to N, N-diethyl-metatoluamide (DEET). Dolan et al. (2007) demonstrated Ae. aegypti susceptibility to other naturally occurring compounds consisting of cedar oils using CDC bottle bioassays.
In order to begin to determine an effective concentration of C8910 comparable with WHO Pesticide Evaluation Scheme (WHOPES)-approved insecticides, the CDC bottle bioassay procedure was used to determine the lethal concentration (LC 50 and LC 90 ) of this novel insecticide and repellent against colony-reared Ae. aegypti and Ae. albopictus. This study mirrors a study conducted previously (Dunford et al. 2014 ) with similar objectives but uses two Aedes species to 1) determine the insecticidal effects, if any, against adult males and females and 2) to establish baseline effective concentrations that can be used to further develop C8910 for controlling Aedes mosquitoes.
Materials and Methods

Bottle Bioassays
Bottle bioassay protocols follow those provided in Dunford et al. (2014) with the exception of dosages tested. Insecticide susceptibility tests were performed at CDC Atlanta, GA, using the CDC bottle bioassay under normal room conditions (23 C; 50% relative humidity) following protocols established by Brogdon and Chan (2010) . Bottle bioassays were used to evaluate a range of concentrations to determine an effective concentration of C8910. Dose-fixing concentrations ranging from 75-150 (Ae. aegypti) or 90-150 (Ae. albopictus) lg C8910/bottle (250-ml glass Wheaton bottle; inside surface area ¼ 370 cm 2 ) were used to compile mortality data. An initial stock solution of 10 mg (¼10.7 ll) of 15% C8910 þ 85% silicone oil (silicone oil is a benign carrier and used with acetone allowed the C8910 to adequately treat and dry on glass bottles) in 100 ml acetone (carrier and drying agent) was made. Dose-fixing using concentrations ranging from 15-60 lg C8910 þ silicone/bottle did not provide sufficient response (>25%) even at 2 h against either species; however, concentrations (¼dose) of 75 lg C8910 þ silicone/ bottle and 90 lg C8910 þ silicone/bottle provided sufficient response against Ae. aegypti and Ae. albopictus, respectively, at 2 h. Additional concentrations of 90, 105, 120, 135, and 150 lg C8910 þ silicone/bottle were sequentially made and used during testing to increase response. For the purposes of this study, we used a relatively low concentration of C8910 (15% C8910/85% silicone oil; Lot 18SEP2010) tested previously (Reifenrath 2001 (Reifenrath , 2006 Mullen et al. 2009 ) and conducted mortality counts up to 2 h. In order to provide comparative results to other WHOPES-approved insecticides, mortality data for the 30-min time interval (following Brogdon and Chan 2010) were used for LC 50 and LC 90 determination. Dose-fixing followed the procedures recommended by Robertson et al. (2007) .
Two-to five-day-old, colony-reared Ae. aegypti (ROCK Strain; Rockefeller Institute) and Ae. albopictus (ALBOPICTUS MRA-804; BEI Resources Repository) were introduced to treated bottles (C8910 þ silicone oil) and control bottles (acetone only) and observed for up to 2 h with mortality counts made at 15-min intervals. Mosquitoes were randomly aspirated out of rearing containers and gently aspirated into bottles, and no attempt was made to separate (or count) males from females. Because mosquitoes were 2-5 d old, a reasonable assumption can be made that 50% of each sex was represented in each test bottle and on average for all bioassay rounds. Approximately 15-25 mosquitoes were introduced to each bottle, and the timer was started once all five bottles had a mosquito population. For counting purposes during assays, a mosquito was considered knockeddown (and therefore dead) if it was unable to stand (Brogdon and Chan 2010) . During some of these assays, a few mosquitoes at lower concentrations would recover to a certain degree only to eventually die. These individuals were counted as alive at said time interval if they appeared to revive. To ensure a mosquito counted as dead at earlier time intervals did not recover fully, assays were conducted up to 2 h. There was no category for moribund individuals. The bottle was tapped a few times before a final determination of dead or alive was made.
Determination of LC 50 and LC 90
Percent mortalities, obtained for each concentration at 30 min, were plotted in a log-probit graphic using Polo-plus 2.0 (LeOra Software Company, Petaluma, CA 2005). Percent mortalities and LC 50 and LC 90 analyses were calculated by combining the total individuals and number of individuals (assuming each sex was represented equally) that responded (¼died) during each assay (i.e., total individuals and total that responded in each bottle were analyzed using the aggregate of the four treated bottles per assay). Control mortality was entered into Polo-plus as the total of the five replicates for each concentration. Parameters for data files analyzed by Polo-plus were as follows: probit model, natural response, and concentrations converted to logarithms. The LC 50 and LC 90 were then obtained together with 95% confidence upper and lower limits.
Results
LC 50 and LC 90 and Percent Mortality
The C8910 þ silicone formulation evaluated herein did not provide significant mortality at 30 min using the concentrations tested; however, percent mortalities do increase over time and at higher concentrations (Tables 1 and 2 concentrations yielded an LC 50 of 125.4 (116.1-137.6) and LC 90 of 192.5 (165.0-278.9) in Ae. albopictus (Table 3) . Differences in LC 50 and LC 90 for each concentration evaluated were not statistically significant for Ae. aegypti (v 2 ¼ 8.588; df ¼ 4; P ¼ 0.30) or Ae. albopictus (v 2 ¼ 16.720; df ¼ 3; P ¼ 0.07). When comparing the two species tested, greater doses were required to achieve LC 50/90 in Ae. aegypti, but no effort was made to determine difference in colony vigor between each species. PoloPlus regression lines showing percent response at 30 min for each species are included in Figs. 1 and 2.
Discussion
We evaluated a relatively low concentration of C8910 to mirror previous studies (Reifenrath 2001 (Reifenrath , 2006 Mullen et al. 2009; Dunford et al. 2014) . Mortality percentages (Tables 1 and 2) show that the relatively low concentration of C8910 used for these bioassays took longer than 30 min to provide >90% mortality (90% was not achieved until 105 min with Ae. albopictus and was not reached with the Ae aegypti tested here); however, PoloPlus software was able to predict LC 90 concentrations for test subjects (Table 3) , showing that higher concentrations of C8910 þ silicone is required to achieve LC 90 . This study provides an initial attempt to determine the insecticidal effects of one C8910 formulation against Aedes mosquitoes, and higher concentrations should be evaluated to demonstrate more rapid C8910 efficacy. The low cost and safety of C8910 permits its use at higher concentrations as compared with traditional insecticides. For example, a 15% C8910 dust formulation, recently given EPA registration gave equivalent performance (reduction in cattle fly numbers) to 1% organophosphorus and pyrethroid-based cattle dusts (Reifenrath 2015) . Dunford et al. (2014) determined that eight different concentrations of C8910 þ silicone oil provided a LC 50 ranging from 55.4 (44.2-65.9) in Anopheles minimus Theobald to 132.6 (92.8-301.3) in Anopheles dirus Peyton and Harrison. Similarly, LC 90 varied from 138.5 (107.9-207.9) to 1,228.8 (449.8-21,400) , respectively. C8910 worked best against An. minimus and Anopheles gambiae Giles; both showed lower values of LC 50/90 accompanied by narrow 95% CI when compared with LC 50/90 estimates for the other four vector species tested. Anopheles dirus, Anopheles farauti Laveran, Anopheles stephensi Liston, and Anopheles freeborni Aitken showed higher values of LC 50/90 . Mortality percentages at 30 min after being exposed to the higher C8910 doses was close to 50% in An. dirus, An. freeborni, An. gambiae, and An. stephensi. Aedes species examined during this study provided similar LC 50/90 values to those of the Anopheles species examined in the study noted above, with the exception of LC 90 values observed for An. dirus (1,228.8) and An. freeborni (628.577). In a similar study using colony-reared (susceptible and pyrethroid resistant) and wild-caught Anopheles funestus Giles from Zambia against C8910, Samuel et al. (2015) demonstrated that C8910 was equally toxic to both colony strains and wildcaught females. Species susceptibly variances were noted between the two Aedes species tested here; however, no effort was made here to investigate physiological reasons such as overall colony fitness or average size of adults between the two species examined.
When comparing our results with other WHOPES-approved insecticides against Aedes species, concentrations of the C8910 formulation used herein required roughly 20 times (compared with various pyrethroids) to four times (malathion) the diagnostic doses of insecticides listed in Brogdon and Chan (2010) . Preliminary evaluations using the CDC bottle bioassay protocol with propoxur (12.5 mg/bottle) against Ae. aegypti (ROCK strain) resulted in 100% mortality by 30 min (L. Vizcaino, unpublished data), indicating that C8910 against Ae. aegypti used during this study required roughly 23 times the diagnostic dose of propoxur; however, higher concentrations of C8910 should be tested and may prove comparable with other insecticides. An alternative testing method, such as the WHO tube assay, should also be used to further determine if mosquitoes die after initial exposure and knockdown.
Additional testing using C8910 against wild Aedes populations is required, as colony strains may have reduced vigor. Concentrations of C8910 required for sufficient control of wild populations may be higher than those observed or predicted during this study. Further development of C8910 and similar compounds may provide vector control specialists effective, environmentally safe insecticides for controlling Aedes mosquitoes.
